severely destroy the orthogonality among the OFDM subcarriers and cause intercarrier interference, giving rise to a high bit error rate (BER) floor. Therefore, estimation and compensation of IQ imbalance in the direct conversion receivers are crucial to OFDM receiver performance.
The schemes of canceling IQ imbalance have been investigated by several scholars. In [1] , the authors derive the SNR loss of IQ-imbalance in OFDM receivers and propose several frequency domain(FD) and time-domain (TD) methods including post-FFT least-squares, adaptive least mean square (LMS) and pre-FFT TD compensation to eliminate IQ distortions. They extend these methods to IQ imbalances at both transmitter and receiver [4] . Blind estimation and compensation schemes in the time domain have also been proposed [5] . Joint estimation of IQ imbalance and several other impairments such as phase noise, frequency offset are investigated in [6] [7] [8] [9] [10] . In [6] , a finite impulse response (FIR) filter followed by an asymmetric phase compensator has been proposed to correct both frequency dependent and frequency independent IQ imbalance. In [8] , a differential filter is employed to estimate the frequency offset and IQ imbalance. A compensation method based on the subcarrier allocation of OFDM signals is proposed in [9] . [11] extends the research of Tx/Rx IQ imbalances to the case of packet-switched systems.
In [12] and [13] , authors focus on pilot design and reduced complexity compensation in MIMO-OFDM systems with IQ imbalance.
Unfortunately, the FD LS channel estimation in [1] doesn't exploit the TD property of the channel in the presence of IQ imbalance. Thus, it requires more than twenty training OFDM symbols to achieve the same BER performance with ideal channel knowledge and no IQ-imbalance (abbreviated as ideal IQ below). Obviously, this scheme is low on bandwidth efficiency. To overcome this problem, we design an LS channel estimator which fully exploits the TD property of channel parameters to reduce the impact of channel noise. Hence, it requires only two OFDM symbols to reach the BER performance of ideal IQ. This paper is organized as follows. Section II describes the system model. Pilot pattern, TD-LS channel estimation and Gaussian elimination (GE) equalization are proposed in section III. Simulation results are listed in section IV. Section V concludes the paper.
II SYSTEM MODEL
In OFDM systems with IQ imbalance as shown in Fig.1 , the transmitted block of N data symbols over N subcarriers is denoted as
whose IDFT operation yields
where
Then, the received OFDM symbol before being distorted by IQ imbalance is expressed as
is the channel impulse response (CIR). The received OFDM symbol distorted by IQ imbalance is written as
, θ and  are phase and amplitude imbalance between I and Q branches [1] .Taking FFT operation on (6) gives
where the operation # is defined as
Thus, we obtain the following equality
For the simplicity of discussion, block fading is assumed in the following, i.e., channel is assumed to be constant within a frame and variable from frame to frame.
III PROPOSED SCHEME COMBINING PILOT DESIGN, EQUALIZATION AND CHANNEL
ESTIMATION
In the following, a low-complexity Gaussian elimination is adopted to cancel the IQ distortion based on operation #. Then, a particular training pattern using two adjacent OFDM symbols is designed and a TD-LS channel estimation is presented to provide a high-precision estimation of channel parameters 
A. Gaussian Elimination Equalizer
Due to the equalities,
is known, based on (7) and (12), we construct
(13) no longer has the IQ distortion present in (7) and can be rewritten as
which gives the following detector as
Equation (15) can be simplified as
To obtain s from (15) or (16), κ ,  H , and *  H need to be estimated in advance, among which h and
Similar to [1] , the loss in signal-to-noise (SNR) from the difference between the error variance given by (16) and the error variance
where Re (x) denotes the real part of x. Fig. 2 shows the theoretical lower bounds concerning the loss in SNR due to IQ imbalances. The 2D surfaces of loss in SNR are based on the results (19) derived in Section III and (31) in [1] . These bounds are computed with perfect channel and distortion parameter knowledge available at the receiver, therefore serving as the theoretical lower bounds on the SNR loss due to imbalances. From this figure, the lower bound of the GE equalizer proposed in this letter is better than that of the LS equalizer in [1] .
B. Pilot Pattern Design and TD-LS Estimation of Channel Parameters.
Let us devise the frequency-domain pilot vectors of two pilot OFDM symbols at the beginning part of frame as 
and         
where 
Thus, the LS estimate of μh is given as
. Then, we have the estimate of μH as
In the same manner, combining (23), (24) 
which gives the LS estimate of 
In terms of (35), (36), (39), and (40), the estimate of  can be formulated as
From (35), (36), (39), and (40), we obtain the estimation mean square errors of *  H and  H as follows
where is signal-to-noise ratio (SNR) and is defined as [14] , and From these figures, it is evident that the proposed scheme with only two TOSs achieves the same BER performance as ideal IQ at low medium SNRs whereas the LS scheme in [1] costs about N T =2 TOSs to realize almost the same BER performance. Therefore, the proposed scheme is more effective in the sense of overhead.
Figs. 5 and 6 plot the curves of BER versus SNR of the proposed TD-LS/FD-GE scheme, the FD-LS/Post-FFT LS, the FD-LS channel estimator plus pre-FFT distortion correction (FD-LS/Pre-FFT Corr), and the special pilot structure based channel estimator plus pre-FFT distortion correction (SPP/Pre-FFT Corr) in [1] for different values of IQ imbalance parameters where N T =2 . In these two figures, our scheme is obviously better on BER performance than the FD-LS/Post-FFT, the FD-LS/Pre-FFT Corr, and SPP/Pre-FFT Corr in [1] .
The complexity of three channel estimators the proposed TD-LS, FD-LS in [1] and the SPP in [1] are (frequency-domain), these time-domain can not solve this problem, in general, when bandwidth <20MHz, they can be viewed as constants [1] ). However, these TD compensation schemes based on pre-FFT (TD) distortion correction are not suitable for this case [1] .
V CONCLUSIONS
In this paper, a compensation scheme combining a TD-LS channel estimator and a FD GE equalizer is investigated in OFDM systems with IQ-imbalance at receiver. Compared with the FD-LS/Post-FFT LS, SPP/Pre-FFT Corr, and FD-LS/Pre-FFT Corr schemes in [1] , this scheme shows better BER performance. More importantly, it needs only two OFDM training symbols to achieve the same BER performance as ideal IQ in the low and medium SNR regions. The proposed TD-LS/FD-GE can function in the case of frequency-dependent distortion parameters  and *  . However, the schemes based on pre-FFT correction lack this capability. Due to a short training pattern, the proposed scheme can be directly applied to time-variant wireless channels. SPP/Pre-FFT Corr [1] 
